Self-assembled α-FeSi 2 nanoislands were formed using solid-phase epitaxy of low (∼1.2 ML) and high (∼21 ML) Fe coverages onto vicinal Si(111) surfaces followed by thermal annealing. At a resulting low Fe-covered Si(111) surface, we observed in situ, by real-time scanning tunneling microscopy and surface electron diffraction, the entire sequence of Fe-silicide formation and transformation from the initially two-dimensional (2 × 2)-reconstructed layer at 300 • C into (2 × 2)-reconstructed nanoislands decorating the vicinal step-bunch edges in a self-ordered fashion at higher temperatures. In contrast, the silicide nanoislands at a high Fe-covered surface were noticeably larger, more three-dimensional, and randomly distributed all over the surface. Ex situ x-ray photoelectron spectroscopy and high-resolution transmission electron microscopy indicated the formation of an α-FeSi 2 island phase, in an α-FeSi 2 {112} Si{111} orientation. Superconducting quantum interference device magnetometry showed considerable superparamagnetism, with ∼1.9 µ B /Fe atom at 4 K for the low Fe-coverage, indicating stronger ferromagnetic coupling of individual magnetic moments, as compared to high Fe-coverage, where the calculated moments were only ∼0.8 µ B /Fe atom. Such anomalous magnetic behavior, particularly for the low Fe-coverage case, is radically different from the non-magnetic bulk α-FeSi 2 phase, and may open new pathways to high-density magnetic memory storage devices.
Introduction
The growth of Fe-silicides on silicon has been widely studied in recent years because, depending on their phase, crystal structure and composition, they can be semiconducting, metallic and/or ferromagnetic, and hence offer a large variety of potential applications when integrated into silicon-based devices [1] [2] [3] [4] [5] [6] [7] . To this day, several Fe-silicide structures have been reported. At the Fe-rich side of the binary phase diagram, metallic as well as ferromagnetic Fe 5 Si 3 and Fe 3 Si (DO 3 structure) [8, 9] have already been established as key materials for spintronics [10] [11] [12] , whereas ε-FeSi is a semimetal with a cubic B20 structure [13] . The Si-rich side of the phase diagram contains several variants of a disilicide stoichiometric compound, such as the high-temperature tetragonal metallic α-FeSi 2 phase [14] , with applications as an electrode or an interconnect material [15] , and the orthorhombic semiconducting β-FeSi 2 phase [16] , which due to its direct band gap is an interesting candidate for thermoelectric, photovoltaic and optoelectronic devices [17] ; there are also metastable metallic γ -FeSi 2 and s-FeSi 2 [2] . It has been recently reported that iron-disilicide nanoparticles can exhibit superparamagnetism, although no magnetic ordering occurs in the bulk of any Fe x Si 1−x phase with x < 0.5 [18, 19] . In fact, isolated magnetic grains change their magnetic properties remarkably whenever their size lies within the nanometer range. Grains smaller than the width of a domain wall (∼50 nm) are always in a single-domain state, with the magnetization aligned with the anisotropy axis [20, 21] . Below the temperature of the onset of superparamagnetic (SPM) behavior (the blocking temperature, T b ) these particles exhibit considerable coercivity [21] . Moreover, the production of magnetic nanoparticles with a controlled particulate size is currently of significant technological interest. An increasing number of applications of materials of this type include ultrahigh-density magnetic recording materials [22] and magneto-optically active nano-composites [23] . Further, the growth method and deposition parameters play a key role in the fabrication of functional silicide thin films and low-dimensional nanostructures, especially during the initial nucleation and growth stages. Due to its simplicity and convenience, solid-phase epitaxy (SPE), where silicides are formed by thermal annealing of the iron (or any other metal) film on Si, has been the method of choice for many studies that have reported on the initial growth stages of Fe-silicide on clean Si(111)7 × 7 surfaces [1, [3] [4] [5] [6] 24] . In a heteroepitaxial film/substrate system, the interplay between surface, interface and strain energies may drive the film towards 2D (two-dimensional) or 3D islanding and, depending on the lattice and/or symmetry mismatch with Si, may also affect the nanoisland size and the degree of its shape anisotropy [25] [26] [27] . More subtle, electronic quantum-size effects have also been reported to affect the nanoisland shape [28] .
Since the size and shape of low-dimensional nanoislands have a direct impact on their quantum confinement properties (and hence their use in a variety of devices based on reduced dimensionality, such as light emitting diodes, solar cells, lasers, modulators, detectors, and data storage devices [29] [30] [31] ), and since their growth is essentially a self-assembled process, the above mismatch and deposition parameters are the only tools to affect the statistical characteristics of the nanoisland arrays via kinetic or thermodynamic response to the growth environment [32] [33] [34] [35] [36] [37] . An even higher degree of self-organization requires the ability to self-order the nanostructures into arrays of well-defined geometrical patterns, mimicking lithographically patterned electronic circuits. The long, straight and regular steps and step-bunches on vicinal surfaces provide a natural template for island nucleation [38] . In particular, on vicinal Si(111), the structural characteristics and periodicity of straight and periodic step-bunches can be reasonably controlled by first selecting the miscut angle, and then varying the magnitude and direction of the heating current during preparatory high-temperature flashes [39, 40] . Self-ordering (SO) by a step-bunch decoration mechanism has been reported for CoSi 2 [36, 41] , TiSi 2 [37] , MnSi 2 [42] and FeSi 2 nanoislands [5] .
In this work, we focus on the influence of Fe-coverage on the structural, morphological and statistical characteristics of the self-organized α-FeSi 2 nanoislands on the vicinal Si(111) surface, and on the way these characteristics affect, in turn, the resulting magnetic properties of the nanoisland arrays. We demonstrate that such magnetic properties can indeed be tuned to some degree by controlling the initial Fe-coverage and, consequently, the morphological evolution of the Fe-silicide nanoisland arrays. Although there have been a few reports on this topic [2, 18, 19, 43] , we draw a direct and explicit linkage between the physics (magnetic properties) and the microscopic materials science on the nanoscale (structure, morphology, lateral ordering, etc) of the α-FeSi 2 nanoislands. Since these nanoislands exhibit a non-bulk-like SPM behavior, and are metallic in nature, they are expected to become a promising material for high-density magnetic memory storage devices [6] .
Experimental details
The experiments were performed in an ultra-high vacuum (UHV) variable-temperature scanning tunneling microscope (VT-STM) by Omicron Nanotechnology GmbH, equipped with low-(LEED) and reflection high-(RHEED) energy electron diffraction and an Auger electron spectrometer (AES), and capable of operation up to 1250 • C by directcurrent heating. 4 • -miscut Si(111) wafers were cut into 10 mm × 1 mm strips, chemically degreased and cleaned ex vacuo, and introduced into the UHV. In UHV (base pressure 1 × 10 −8 Pa), after thorough degassing, the oxide was evaporated by repeated flashes at 1150-1200 • C, and the clean Si surface was slowly cooled until well-ordered (7 × 7) reconstruction appeared in diffraction and STM. For the Fe-silicide SPE growth experiment, Fe was e-beam evaporated from a pure iron wire at room temperature (RT) onto a vicinal Si(111) sample mounted in the VT-STM stage, and subsequently underwent a series of annealing treatments, an hour at each temperature, in the STM under continuous real-time imaging. We calculated the coverage using the following procedure. First, we counted the unreacted Fe metal agglomerates from very high-resolution STM images, using commercial (SPIP from Image Metrology) software. Then we calculated the total number of Fe ad-atoms deposited on the surface by normalizing the total calculated volume of Fe ad-atoms contained in the agglomerates by the atomic volume of Fe. Finally, dividing by the total area covered by the Fe and normalizing to the top Fe layer surface density (0.70 × 10 15 atoms cm −2 ), we obtained the coverage in equivalent MLs, i.e., ∼1.2 ML Fe (low-coverage conditions) and ∼21 ML (high-coverage conditions). STM images were acquired using tunneling conditions of 0.1 nA < I < 0.2 nA and −3.0 V < V < +3.0 V in a constant-current mode and shown as current (I-rather than z-) images. For statistical analyses, the images were processed using commercial (SPIP from Image Metrology) as well as home-made software specifically designed for this purpose. All the RHEED patterns shown here were acquired at 20 kV along 110 Si azimuths, and all the LEED patterns shown were acquired in the 85-95 eV range.
X-ray photoelectron spectroscopy (XPS) measurements were conducted ex situ, in UHV (2.5 × 10 −10 Torr base pressure), using a 5600 multi-technique system (PHI, USA). The photoelectrons were excited using a monochromated x-ray source (Al Kα: 1486.6 eV) at a grazing incidence of 25 • and the emitted electrons were analyzed by a spherical capacitor analyzer using a slit aperture of 0.8 mm. No sample charging was observed. High-resolution transmission electron microscopy (HRTEM) studies were performed using a monochromated and aberration corrected FEI Titan 80-300 kV S/TEM. This field emission gun (FEG) source microscope is equipped with an image side aberration corrector, providing a coincident point and information resolution of less than 0.07 nm. In addition, it is equipped with a high-resolution energy filter (Tridiem 866 ERS, Gatan), which yields an energy resolution better than 0.15 eV at an accelerating voltage of 300 kV. Preparation of cross-sectioned samples for HRTEM was carried out by conventional methods including the use of a tripod polishing procedure and various mechanical (diamond) polishing procedures. After mechanical thinning, the samples underwent ion beam polishing using a combination of standard precision ion beam polishing (PIPS, Gatan) at higher energies (2-5 keV, 5 • milling angle), as well as low-voltage ion polishing (Technoorg Linda), using milling angles of ±15 • and Ar ion energies of 300 eV. Magnetic measurements were conducted using a Quantum Design MPMS XL5 superconducting quantum interference device (SQUID) magnetometer.
Results and discussion
3.1. In situ scanning tunneling microscopy of solid-phase epitaxial nanoisland growth Figure 1 shows the initial and the final states of the SPE experiment, where figure 1(a) depicts a constant-current STM micrograph of the as-deposited Fe/Si(111) surface and figure 1(b) shows the same surface after a 550 • C thermal anneal. As is evident from figure 1(a), the Fe ad-atoms cover the surface densely, and the Si(111)-(7 × 7) no longer appears in STM. Only a diffused (1 × 1) diffraction pattern can be seen by LEED (top-left inset) and RHEED (bottom-right inset). However, the Si(111)-(7 × 7) reconstruction among the perfectly self-ordered nanoislands along the step-bunch edges (figure 1(b)) was regained (LEED in top-left inset) after a 550 • C heat treatment. LEED is relatively insensitive to inclined surfaces, and consequently only the flat portion of the surface contributes to the pattern in the inset of figure 1(b). RHEED, on the other hand, is well suited for analyzing both flat and inclined surfaces, and hence samples the 3D islands in figure 1(b) and shows a spotty (2 × 2) pattern, expected from transmission through relatively large 3D islands (∼70 × 10 nm). The SO of the islands is perfect and extends over the scale of many micrometers.
The intermediate evolution stages of the SPE Fe/Si(111) experiment as a function of annealing temperature are shown in figure 2. It follows from figure 2(a) that the Fe-Si chemical reaction commences already at 300 • C, resulting in a thin quasi-continuous 2D (2 × 2)-reconstructed layer (see the LEED and RHEED in the insets of figure 2(a) and the magnified STM image in figure 2(b)). The (2 × 2) reconstruction is a well-known fingerprint of α-FeSi 2 , which is stabilized at a very low coverage by its good lattice match with Si [3, [44] [45] [46] [47] . At 350 • C the first 3D Fe-silicide islands begin to nucleate, still co-existing with the 2D silicide layer (figure 2(c)). At this stage these still relatively small islands have an irregular size and shape and do not show preference for any particular site, covering both the Si(111) surface terraces and the step-bunches. The LEED and RHEED in the insets of figure 2(c) still show (2 × 2) symmetry similar to that in figure 2(a). Just like the 2D layer between them, the islands also appear (2 × 2)-reconstructed in STM, and since they are still 2D as far as the diffraction is concerned, the island contributions to both diffraction patterns are no different from those of a single 2D layer phase. The next redistribution on the surface takes place at 450 • C (figure 2(d)), manifested via both nanoisland • C, low magnification, (b) 300
• C, high magnification, (c) 350
• C and (f) 550
• C, high magnification. The thermal annealing durations for each temperature were 1 h. The corresponding RHEED and LEED patterns are given in the bottom-right and top-left insets, respectively. coarsening and population migration towards the step-bunch sites, with the terraces becoming almost completely free of islands at 500 • C (figure 2(e)). At this point the islands are already sufficiently large to cause a transmission-type pattern in RHEED (bottom-right inset in figure 2(e)), while LEED is still (2 × 2)-dominated, although (7 × 7) begins to reappear on the flat portions of the surface between the islands along with the remaining 2D silicide (2 × 2). By 550 • C the islands and the leftovers of the 2D layer have evolved into 3D polyhedrons with well-developed geometry and facets, with the top facet parallel to the substrate and (2 × 2)-reconstructed (figure 2(f)) and clean Si(111)-(7 × 7) regained in between the islands. These islands exclusively occupy (and are thus ordered along) the step-bunches, although the original step structure is hardly visible, partly because of the large height differences between them and the much taller islands, and partly because of consumption of the Si step atoms by the Fe-Si reaction necessary for island growth, corroborating our previously proposed model [36, 37] . According to the model, based on simple terrace-ledge-kink (TLK) arguments, 1D self-ordering (SO) of the islands by step-bunch decoration occurs due to preferential diffusion of metal atoms to the step-bunch sites, where under-coordinated Si atoms are more readily available for the Me-Si reaction. Moreover, the SO step-nucleated Me-silicide islands have the advantage of a higher coordination than that of terrace-islands. There is also a very different second population of islands, scattered between the step-decorating large ones. They are only a few nanometers in size and less geometrically defined, with hemispherical or lens-like shapes.
Nanoisland crystallography: high-resolution transmission electron microscopy
We used HRTEM to identify the crystalline, morphological and chemical nature of the islands. Characteristic crosssectional analysis is shown in figure 3 , which contains lattice imaging of the islands and the substrate and their corresponding fast Fourier transforms (FFTs) in the insets. All of the islands sampled, large and small, were identified as the tetragonal high-temperature α-FeSi 2 phase (metastable below 1200 • C in the bulk), with the α-FeSi 2 {112} Si{111} and either α-FeSi 2 110 Si 110 or α-FeSi 2 201 Si 110 orientation relationships. These are well-known orientation relationships, that stabilize the epitaxial α-FeSi 2 phase at low coverage by a good α-FeSi 2 {112} lattice match with the Si{111} crystallographic planes along the two directions mentioned above [3, [44] [45] [46] [47] . The lowest mismatch, about −1%, exists between the double α-FeSi 2 110 interatomic spacing (2 × d α ≈ 0.380 nm) and the Si 110 (d Si ≈ 0.384 nm), which also explains the (2 × 2) reconstruction. Although still reasonably low, the mismatch along the α-FeSi 2 201 Si 110 directions, equivalent to a 60 • rotation of the islands in the {112} interface plane, is about three times higher [3, 44, 45] . The mismatch strain may account for the occasional faulting at the island-substrate interface detected by HRTEM.
Statistical analysis of the self-ordered α-FeSi 2 nanoislands
For quantitative estimation of the thermally driven interactions of the SO Fe-silicide nanoislands on the silicon surface, using the algorithm developed in our previous work [37] , we counted the number of first-order neighbor islands within a 50 nm cut-off radius and the mean island-island separation distances at the various stages of evolution with annealing temperatures, from a number of the highest-fidelity images. Count and mean-distance histograms as a function of the annealing temperature are shown in figures 4(a)-(d) . The central, gray histograms are the island mean-distance distributions, whereas the green histograms (insets) show the count. The variations of the mean distance and the count with temperature are summarized in figure 4(e) . A sharp reduction in the number of neighbors, from ∼13 at 350 • C to ∼1 at 550 • C, was accompanied by a more moderate increase in the mean distance and by the islands coarsening up to ∼70 nm in width and ∼10 nm in height (histograms not shown). Island coarsening with the simultaneous formation of adjacent denuded zones, depleted of nearest neighbors and resulting in larger separation distances, is a clear fingerprint of Ostwald ripening, where larger crystals grow at the expense of smaller ones due to the Gibbs-Thomson effect [48, 49] . Analyses of the relative island populations on terraces (left) and step-bunches (right) as a function of temperature are shown in figures 4(f)-(i), in the form of distributions of the respective fraction of the total surface area covered by each population. Gradual population inversion from terraces to step-bunches is evident, which is well corroborated with the earlier conclusion made on the basis of qualitative observation of figures 1 and 2. The relative degree of step-bunch population by the islands can be quantified by defining an 'order parameter (η)', where η = number of step-bunch islands/(number of step-bunch islands + number of terrace islands) [37] . Thus, in the extreme limit of terrace population only, η = 0, and in ideal ordering where the islands exclusively populate the step-bunch sites, η = 1. Our measurements show that the ordering of the large SO α-FeSi 2 islands approaches η ∼ 1 already at a 550 • C annealing treatment. The data points plotted against reciprocal absolute temperature could not be fitted with an Arrhenius-type function, and hence fitting with a logarithmic-growth function, η = η 0 ln(T − T 0 ) (temperature in degree Celsius), is mostly meant to guide the eye [37] . The best fits were obtained with the η 0 coefficient equal to 0.19 and T 0 = 348 • C. Just like for Co-and Ti-silicide islands [37] , the T 0 signifies the onset of ordering, as at this temperature the first silicide islands nucleate and the SO process commences at once.
The small lens-shaped islands in figures 1 and 2 appear to be randomly scattered among their large SO polyhedral counterparts, implying homogeneous nucleation at terraces. However, closer inspection at higher magnifications (not shown) reveals that many reside at the single step-edge sites. This confirms heterogeneous nucleation at the surface steps within the framework of the same TLK-based model as was observed in our previous work, where the step-island size is determined by its parent step height because it is the steps that provide Si atoms for the silicide island growth [36, 37] . In addition, the increased coordination of step-islands protects them against dissolution in favor of the larger neighbors during Ostwald ripening, in contrast to the similarly small sized (yet less coordinated) terrace-islands which tend to disappear [36, 37] . Figure 5 shows the Fe 2p 3/2 and Si 2p 3/2 core level XPS spectra for 550 • C heat-treated Fe on vicinal Si(111) surface samples, acquired at RT. The spectra were resolved into their respective components by a mixed Gaussian-Lorentzian (GL, m = 30) line-shape (where m = 0 is a pure Gaussian and m = 100 is a pure Lorentzian shape) using commercial CasaXPS peak fitting software [50] . The relative atomic concentrations (at.%) of the components were calculated from the intensities of the respective spectral lines after background subtraction using Shirley's method [51] . The results are summarized in table 1. The peak fitting for the Fe 2p 3/2 core level XPS spectra, shown in figure 5 (a), points to α-FeSi 2 at 707.6 eV [52, 53] and pure Fe at 706.5 eV [54] . It also indicates some iron oxide on the higher binding energy (BE) side of the Fe 2p 3/2 transition, which is likely to form during atmospheric exposure of the sample for the ex situ XPS measurements. Hence, not surprisingly, α-FeSi 2 at 100 eV (with a Si substrate background at 99.4 eV) was also identified by fitting of the Si 2p 3/2 core level peak [55] , as shown in figure 5(b) . The quantitative analysis of the Fe 2p 3/2 was also in good agreement with Si 2p 3/2 , indicating almost 100% α-FeSi 2 (with the exception of elemental Fe, that can only be deconvoluted from the Fe 2p 3/2 peak). Since the only species on the Si(111)-(7 × 7) surface after a 550 • C anneal detected by our combined STM and HRTEM analysis were the large and small α-FeSi 2 islands, we assumed that very fine Fe particles were embedded in the islands, as has been previously proposed [18, 19] .
Chemical analysis by x-ray photoelectron spectroscopy

SQUID magnetic measurements
To investigate the magnetic properties of the α-FeSi 2 islands on Si(111) (in both the low and high Fe-coverage samples) the in-and out-of-plane magnetization reversal loops at different temperatures were recorded along with zero field cooled (ZFC) and field cooled (FC) magnetization versus temperature measurements. The results are shown in figures 6(b)-(e) and figures 6(g)-(i) for low and high Fe-coverage, respectively, with the corresponding STM images of the island distributions shown on top (figures 6(a) and (f)). The RT in-plane magnetization reversal loop for low Fe-coverage shows almost no coercivity ( figure 6(b) ) and never saturates, even for an applied external magnetic field of 10 kOe, consistent with paramagnetic behavior. However, the coercivity increases considerably on cooling to 198 Oe at 150 K (figure 6(c)) and 2150 Oe at 4 K ( figure 6(d) ), exhibiting a classical ferromagnetic behavior with a hard magnetization axis. These observations are clear fingerprints of SPM in our system, with paramagnetism manifested via a high saturation field and almost zero remanence and coercivity values above T b and a ferromagnetic-like hysteresis curve below T b . Similar observations have also been reported for several other nanomagnetic structures [56] [57] [58] [59] . Another interesting observation is that the coercivity value of the in-plane magnetization reversal loop recorded at 4 K (2150 Oe, figure 6(d) ), is significantly larger than that of the rounded out-of-plane magnetization reversal loop recorded at the same temperature (338 Oe, figure 6(e)), unequivocally pointing to an in-plane magnetization orientation of our system, which is accounted for by the relative (to the in-plane dimensions) flatness of the islands. Our calculations show an extraordinarily large net magnetic moment of ∼1.9 µ B /Fe atom, close to the magnetic moment of bulk Fe (2.2 µ B ) [60] , implying a significant ferromagnetic coupling of the Fe atoms in our system. Hence, the observed α-FeSi 2 nanoislands exhibit a magnetic behavior that is radically different from the non-magnetic bulk α-FeSi 2 phase. • C annealed low-and (f) 700
• C annealed high-coverage samples, and their respective (b)-(d) and (g)-(i) in-plane and (e) and (j) out-of-plane temperature-dependent magnetization reversal loops. The duration of thermal annealing at each temperature, for both samples, was 1 h.
To elucidate the effect of the initial Fe-coverage on the structural and magnetic properties of α-FeSi 2 , we repeated the experiment with a higher Fe-coverage of ∼21 ML under otherwise almost identical conditions, including 1 h anneal, though at a higher final annealing temperature of 700 • C. The profound morphological differences between the two coverage limits are evident (compare figures 6(a) and (f)): flat 2D islands ordered along the step-edges, slightly elongated along the edge (ordering) direction, in the low-coverage case ( figure 6(a) ), versus massive equi-axed 3D islands, lacking any correlated ordering in their lateral locations on the surface, at a high coverage limit ( figure 6(f) ). Thus, the initial Fe-coverage is important not only because it affects the sequence of the silicide phase formation (e.g., α-FeSi 2 stabilization at low coverage), but is crucial to the self-organized spin ordering phenomenon itself; insufficient coverage (sub-monolayer, not shown here) impedes the development of the nuclei into fully grown islands, whereas excessive Fe-coverage (e.g., ∼21 ML in the present case, figure 6(f)), by reducing the ad-atom mobility and clogging the diffusion pathways to the step-bunches, is clearly detrimental to ordering. TEM analysis identified the island crystal structure and phase in both cases (low and high Fe coverages) as the same α-FeSi 2 , with identical orientation relationships to the Si substrate.
Both samples underwent identical ex situ SQUID measurements, so even though inevitable oxidation effects may, potentially, affect the magnetic measurements, the effect (if any) should be similar for both samples. Thus, these effects alone are not likely to account for such notable differences in the measured magnetic properties, and hence more probably cancel out. The above differences are more likely to follow primarily from the different island morphology, composition and the state of their lateral ordering (or not) on the surface. As is evident from figure 6(g) (and unlike the low Fe-coverage case in figure 6(b) ), the in-plane magnetization loop at RT for the higher Fe-coverage shows a similar magnetization value, yet more ferromagnetic character. The difference could be attributed to the different final annealing conditions of the samples, i.e., 550 • C for the lower and 700 • C for the higher Fe-coverage, which seemed to produce higher ferromagnetic contributions in the latter [61] . Moreover, although the coercivity of the high Fe-coverage sample increased upon cooling down (figures 6(g)-(i)) up to a peak value of 450 Oe at 4 K (figure 6(i)), following a trend similar to the low-coverage (figures 6(b)-(d)), the changes with temperature were not nearly as dramatic, with an in-plane net magnetic moment at 4 K of only about 0.8 µ B /Fe atom, i.e. nearly half of the equivalent value for the low-coverage sample. Furthermore, the coercivity at 4 K was only reduced from its in-plane value of 450 Oe ( figure 6(i) ) to the out-of-plane value of 245 Oe ( figure 6(j) ), compared to the reduction from 2150 Oe ( figure 6(d) ) to 338 Oe (figure 6(e)) in the low-coverage sample. The squareness value, Sn ∼ 0.09, calculated from the out-of-plane magnetization reversal loops at 4 K for the high Fe-coverage sample (figure 6(j)), is merely half of the equivalent low Fe-coverage value of Sn ∼ 0.16 ( figure 6(e) ), indicating that, in contrast to the high-coverage sample, the magnetization in the low-coverage sample is primarily confined in-plane. This conclusion is fully supported by the higher in-plane magnetic anisotropy energy of ∼107.8 J kg −1 calculated at 4 K for the low-coverage sample, compared to only 4.7 J kg −1 at a high Fe-coverage. The area difference between the in-and out-of-plane magnetization reversal loops at 4 K for both coverages was used for the respective energy calculations.
Comparison of the above magnetization parameters emphasizes the differences in magnetic behavior and properties between the low and high Fe-coverage samples. Bearing in mind that the origin of magnetism in the non-magnetic (in their bulk form) iron-silicide phases has been associated with a small fraction of locally highly Fecoordinated Fe ions (i.e., Fe-rich defects), likely created due to chemical disorder inherent to the formation process of the silicide nanoparticles [18, 19] , the magnetic differences can be linked to the profound morphological differences between the two island configurations. In the flat and elongated islands, decorating the step-edges of the low-coverage sample in an orderly fashion ( figure 6(a) ), those defects and the magnetic moments they generate are (i) unlikely to align in the out-of-plane direction and (ii) rather likely to align in-plane azimuthally in a chain-like fashion along the island elongation direction (perhaps even to some extent with the moments of the nearest neighbor islands located sufficiently close along the step-edge). This explains the relatively high coercivity and total magnetic moment values measured in the low Fe-coverage sample. Following the same reasoning, the random distribution of the magnetic moments inside the large, well separated and equi-axed (isotropic) 3D islands ( figure 6(f) ), characteristic of the high Fe-coverage sample, corroborates the (iii) lower overall coercivity and magnetic moment, and (iv) higher magnetic isotropy manifested via closer similarity between the in-plane and out-of-plane contributions (in contrast to the lower-coverage sample). Figure 7 (a) depicts the ZFC/FC measurements in the low Fe-coverage case. Since above T b the moments are free to flip back and forth, the measured magnetization value in ZFC at zero applied field (H) is close to zero. Convexity of the ZFC curve near T b and a divergence of the FC curve from the ZFC one below T b are apparent. Such divergence is to be expected, because the spins from each island align with the easy crystalline axis closest to the direction of the applied field and freeze along that direction at low temperatures. However, the lack of a well-defined contact point between the ZFC and concave FC curves in the vicinity of T b is likely linked to the rather broad size and shape distribution of the silicide nanoislands, as evident in figure 4(i), which acts to smear the contact point at the onset of divergence and shift it from the ZFC maximum. T b in our system was determined to be ∼225 K, which is reasonable in view of the large, yet flat and highly anisotropic elongation along the step-bunch edge (and ordering) direction for the nanoisland size in our system [19] . The linear behavior of the inverse susceptibility with temperature (χ −1 versus T) above T b , as shown in figure 7(b) , further supports the SPM behavior in the system. As already mentioned above, magnetism in the disilicide nanoparticles has been attributed to local defects created during growth, in the form of small Fe ion clusters, such that the number of nearest Fe neighbors locally satisfies the x > 0.5 magnetism condition in an Fe x Si 1−x phase [18, 19] . Indeed, the crystal structure of the metastable α-FeSi 2 phase is known to contain extra Fe atoms at (0; 0; 0.5) and equivalent positions (which accounts for the slightly larger c lattice constant as compared to stable, bulk α-FeSi 2 ) [47] . This is corroborated by the fact that the high magnetic moment found in this work is close to that of pure iron. Hence, although in principle the nanoisland magnetic properties can be affected by factors such as surface effects, their extent is not expected to be as high as found in this work. We rather believe that the elemental Fe detected by XPS contributes to the defect-induced magnetism, which, due to the highly anisotropic shape (both in-and out-of-plane) and possibly also 1D-ordering of our α-FeSi 2 nanoislands, happens to be of a superparamagnetic character. 
Conclusions
Low (∼1.2 ML) and high (∼21 ML) coverages of Fe were deposited at room temperature onto vicinal Si(111) substrates. The exact degree of coverage is crucial to obtain good ordering, and in this work the low Fe-coverage value was empirically established to yield a nearly perfect nanoisland self-ordering (η ∼ 1), by the same step-bunch decoration mechanism as has been reported for other transition-metal silicides. By subjecting the Fe/Si(111) samples to annealing cycles of increasing temperature, we observed the initial stages of Fe-Si reaction and evolution of the precursor two-dimensional, (2 × 2) six-fold symmetrical, Fe-silicide layer into well-developed three-dimensional polyhedral nanoislands with geometrically defined facets, one-dimensionally self-ordered along vicinal Si(111) stepbunches. At the later growth stages, with no free Fe ad-atoms left to be consumed by the growing silicide islands, further island coarsening was dominated by Ostwald ripening, where the smaller islands were consumed by their larger neighbors, unless stabilized against dissolution by higher coordination at the step-edge sites. Our STM analysis after a 550 • C anneal confirmed a bi-modal island distribution, consisting of large self-ordered polyhedral nanoislands with flat (2 × 2)-reconstructed top facets parallel to the substrate surface, and small lens-shaped ones scattered among them. On the other hand, under high-coverage conditions, a 700 • C anneal resulted in the formation of large 3D silicide nanoislands (more than twice the size of the low-coverage ones), sparsely and randomly distributed over the surface without any visible correlational ordering.
Regardless of the coverage, all the island types were identified by HRTEM as tetragonal high-temperature α-FeSi 2 phase, with a single α-FeSi 2 {112} Si{111} orientation, and two possible in-plane variants rotated by 60 • with respect to each other, namely α-FeSi 2 110 Si 110 or α-FeSi 2 201
Si 110 . Similarly, XPS core level peak fitting analysis confirmed α-FeSi 2 as the only silicide phase present at any coverage. However, a small fraction of elemental Fe (likely embedded in the α-FeSi 2 nanoislands in the form of Fe-rich defects responsible for the magnetic properties) was also identified by XPS. SQUID magnetometry measurements showed superparamagnetism in both cases with, however, a significantly higher value of the total magnetic moment in the low Fe-coverage case (∼1.9 µ B /Fe atom to be compared with only 0.8 µ B /Fe atom at 4 K in the high-coverage case). Such an anomalously high total magnetic moment can be understood in the realm of ferromagnetically coupled moments of the individual excess Fe defects due to their in-plane chain-like alignment inside flat and anisotropically elongated silicide islands characteristic of the low initial Fe-coverage, and perhaps even coupling to the moments of some nearest neighbor islands along the parent step-edge (due to the island self-ordering). The relatively high blocking temperature of ∼225 K also makes sense in view of the rather large nanoisland size and anisotropy [19] .
